Large scale utilization of microalgae to produce biodiesel will boost large amounts of fertilizer and water consumption in upstream stage and needs excessive energy in the downstream process. To overcome these issues, the integrated energy plantation has been introduced as a suitable cultivation system, including the possibility to utilize its effluent. As a free and rich nutrient source for microalgae growth, POME was carefully evaluated in order to find out more energy return in upstream stage. In the downstream stage model, a wet lipid process pathway was chosen as the current best available method. Consequently, reducing energy consumption for the biodiesel production cycle was achieved and the energy profit ratio reached up to 2.6. Energy demand was lessened by a combination of outputs from one system, and served as inputs to another, from the integration of POME treatment, biomass power plant, biogas production, microalgae cultivation, and co-products utilization. Therefore, the energy and material balances could significantly outperform those from the single system. 
Introduction of Integrated Energy Plantation Model for Microalgae-Using Palm Oil Mill Effluent (POME) oil palm, the ratio of microalgae biomass production rate is much higher. Microalgae lipid production can reach 10 times more than conventional biofuel crops 3) .
Objective
This research work intended to explore the possibility of utilizing of POME for microalgae cultivation.
In this regard, the material and energy balances of the integrated energy plantation were selected as the objective for achieving technical feasibility.
Material and Methods

POME treatment
The total land for palm plantation in Indonesia was 9 million ha and there are 695 palm mills had the average capacity of 37.2 tons of Fresh Fruit Bunches (FFB/h) 4) . In each mill, POME has a unique characteristic. The effluent depends on the natural properties of the FFB, extraction and efficiency of the Crude Palm Oil (CPO) processes.
The effluent treatment system is a multiple conventional anaerobic and aerobic lagoons. The typical land size was required 5 -10 ha for POME treatment with a depth of 3 m, and often up to 6 m. Wastewater was generated from the steam extraction process, was about 0.5 m 3 POME/t FFB or 2.5 m 3 POME/t CPO 5) . In Indonesia, there were few investigations of wastewater generated from POME. For examples, 3.5 m 3 POME/t CPO or 0.7 m 3 POME/t FFB and 1.5 m 3 POME/t FFB of volume estimation, respectively 6) 7)
. POM E cou ld relea se 18 m 3 / h a /yea r, t he n approximately 162 million m 3 /year of nutrients rich effluent from 9 million ha palm plantations. Where water scarcity is an issue, this large volume of POME is prospective to be used as a medium source for microalgae growth. A large fraction of the nutrients is recycled from the secondary treatment pond, thus resulting significant savings in makeup nutrient costs. It is a valuable resource to establish a large-scale cultivation and it can be considered in developing low cost microalgae production system. Further, commercial production of microalgae-based biofuels could be feasible.
POME was considered as a polluting agro-industrial effluent due to its high values of Chemical Oxygen Demand (COD) and Biological Oxygen Demand (BOD) concentrations ranging from 50,000 to 90,000 mg/L. However, CPO which was extracted using steam and no additional of chemicals, released a homogeneous effluent and nutrient-rich (relatively clean and easy to control for further processing compared to municipal or industrial wastewater). In order to use POME for microalgae growth, it was necessary to treat effluent especially pH, COD, BOD, total nitrogen, total phosphorous, and ammonia composition. In addition, pH was needed to be neutralized and it was required to shift other effluent composition meets the tolerable limit for microalgae growth. /year was used in this analysis, which sufficient to run 10 ha of microalgae cultivation ponds (Fig. 2) . In a study, COD approximately 1,000 mg/L was affected the high consumption rate and growth of microalgae biomass 8) . It was investigated for
Chlorella pyrenoidosa, cultivated in POME with different concentrations (0, 250, 500 and 1,000 mg COD/L).
Meanwhile, a 5 year continuous field measurement from a particular POME treatment facility showed that COD had an average amount of 1,471.9 mg/L in the stabilization pond (Fig. 3) . .
Microalgae cultivation in POME
The limitation in this phase is the selection of strains, which can grow and produce high quantities of lipids. Fig. 5 shows a summary from previous research of microalgae cultivation. In a study, Chlorella vulgaris was investigated for lipid production in a wastewater treatment and found that culture achieved the highest lipid content about 42%
of dry weight and average productivity was 147 mg/L/d 11)
.
Microalgae biomass production cultivated in POME has the possibility to use up to 75% concentration of POME to grow Chlorella sorokiniana C212 and biomass productivity reached up to 97.14 ± 2.14 mg/L/d with lipid content approximately 20% 12)
Meanwhile a previous study estimated that 30% of lipid content from Chlorella vulgaris in dry weight can be reached 13) . Chlorella pyrenoidosa has achieved the highest lipid content of 38.6% of dry biomass 9)
. In other research, the influence of different concentrations of filtered and centrifuged POME has studied in sea water ( . POME and serum latex from rubber effluent had used as a base medium for cultivating four strains of oleaginous yeast, Yarrowia lipolytica TISTR 5054, 5151, 5212 and 5621 16) . These yeasts grew well in POME and produced relatively high amount of lipid (1.6 -1.7 g/L) corresponding to a high lipid content 48 -61% based on their dry cell mass. Hence, in our proposed microalgae cultivation, it was assumed that mixothropic microalgae (Chlorella sp. and
Scenedesmus sp., with lipid content about 30% of dry weight)
were cultivated in nearby POME treatment location of 10 ha integrated open pond and protected from direct rain.
Mixothropic microalgae was chosen because of its excellent ability to live in the wastewater, rapid growth and vast biomass production.
Microalgae can grow optimally in POME using an ideal nutrients ratio of C:N:P equal to 56:8:1 15) . Meanwhile, based on field measurement, the characteristic of C:N:P ratio in a particular site of POME treatment in Indonesia has average values of 36:6:1. Thus, additional nutrients are necessary to balance the existing nutrient in POME.
Therefore, additional nutrients such as synthetic fertilizers and flue gases (CO2 & NOX) could reach the nutrient Fig. 5 Biomass and Lipid production from several microalgae cultivation in POME balance. In this analysis, the ideal nutrient ratio would be adjusted by additional CO2 and NOX from the flue gases of biogas and biomass power plant.
In addition, the possibilities of adding synthetic nutrients were not taken into account in this simulation. It was assumed that the balance nutrient composition can be reached by considering flue gases from the methane gas engine and biomass boiler or power plant inside the mill.
System boundary and model construction
The integrated plantation model was constructed in a simulation with three main systems that couple each other's: The first part is the existing POME treatment, the second part is the anaerobic digester which produced methane biogas and Empty Fruit Bunch (EFB) biomass for power plant to generate electricity, and the third part is a microalgae production pathway (Fig. 6) . Moreover, the microalgae-based biofuel production cycle was divided into three main phases: cultivation, harvesting and cell lysing, and lipid conversion process (Tables 2 and 3 ). There are many combinations of unit operation that can form a biofuel production system. Cost-effective methods of cultivation, harvesting and dewatering microalgae biomass and lipid extraction, conversion and purification to fuel are critical issues to the effective commercial scale of biodiesel production.
The pond was designed to meet the common practices of available large scale cultivation system 20)
. High
Rate Production Pond (HRPP) was used as a medium for the growth of microalgae with the optimum size approximately between 1,500 -2,000 m 2 of each raceways and 0.3 m depth and optimum mixing in microalgae pond occurs between 0.2 to 0.3 m/s 23) (Fig. 7) .
Furthermore, the present of tannic acid negatively affected to the microalgae chlorophyll formation as a consequence of the darkening of POME led to shading by limited light penetration in the medium 12) . Biotic inhibitor could be added to the cultivated ponds to avoid the strong and energy balances of some points from the boundary system, such as: Inoculum facility, Daily workers` activities, Construction of facilities, Cleaning and maintenance period and Products transportation.
Results and Discussion
The outdoor cultivation pond model for microalgae production was proposed in this research. The analysis discussed scale up from laboratory to field size with total area of 10 ha and consisted 50 raceways (Fig. 6 , Table 2 ).
The wet extraction route included POME for cultivation, flocculation, dewatering and controlled shock for cell disruption in harvesting, supercritical methanol process for lipid conversion, had the potential to increase net EPR 2.67 to 3.05. Fig. 8 shows the total energy required during cultivation is 297.41 MJ/ha/d. HRPP paddlewheel took a significant portion, around 86.5% from total energy required.
In order to achieve nutrient balance, volume of growth of bacteria and wild organisms. In another study, 0.09 mg/L waste water of antibiotics was added or about 4.5 J/L POME equivalent 21) . The integrated system was simulated based on one crop cycle and one year operation.
The fresh water flow was proposed in the cultivation stage to compensate evaporation rate, to control salt accumulation and to maintain the nutrient balance in a certain level.
Overall, the balance of material and energy flows have been analyzed. A ratio of the energy output compared to the amount of energy input in a production cycle referred to as Energy Profit Ratio (EPR). This modest ratio can be useful in assessing the viability of fuels production. A ratio of less than 1 indicates that more energy is used than produced, and value 3 of the EPR has been suggested as the minimum that is sustainable 20) . This was assumed that the POME treatment plant works at the same efficiency level all the time. The embodied energy within process equipment was not considered in the energy balances of this work. Nevertheless, this analysis excluded material On harvesting stage, material and energy balance for a daily production is shown (Fig. 9) . The analysis showed In terms of the exergy application, waste heat utilization from biogas and biomass power plant is very promising for dewatering process during the harvesting phase. Calculation shows that removing up to 90% of moisture content from microalgae slurry was practically viable to meet the requirement on lipid conversion process.
Waste heat from flue gases, boiler, power plant and lipid conversion process was possible to use up to 50% from total potential (Fig. 10) .
Wet lipid conversion of supercritical methanol required energy input approximately 2.52 MJ/L biodiesel or about 22.82 GJ/production cycle for the proposed 10 ha of land (Fig. 11) .
The total fossil energy required (equivalent) in daily microalgae cultivation could be reached up to 853.80 MJ Fig. 11 Energy balance at lipid conversion process Fig. 12 Share of fossil energy input in daily microalgae-based biodiesel production system production was 100 GJ/production cycle. This net-energy production is equal to emission reduction of 336.33 tons CO2 equivalent/year from avoided diesel fossil fuel. In overall, by implementing this microalgae based biodiesel production, about 780.52 tons CO2 equivalent/year can be sequestrated.
Based on current best available methods or technologies, microalgae cultivation by POME utilization, provide a positive energy return and might be economically viable.
In total, 674.5 tons of microalgae biomass or 223 kL/ year of biodiesel can be produced. The biomass production even can be more or double by recycling the water from cultivation pond after harvesting and passed through some pre-treatment. This recycled nutrient rich water can be used to another cultivation pond.
Approximately 3.28 kWh will be required to produce 1 liter of biodiesel. However, the electricity need can be lowered to 2.87 kWh/L biodiesel production when the electric heater is replaced by using biogas dryer in the harvesting stage. From a reference, electricity need of 2.34 kWh/L microalgae-based biodiesel has been achieved 27)
. If 2.5 kWh electric heater is utilized, EPR will approximately 2.67.
Meanwhile, 3.05 of EPR could be reached by replacing electric heater to biogas dryer. By integrated system, the positive balance of electricity could be achieved.
A single microalgae production system might consume 0.64 GWh/year of electricity. Meanwhile electricity required for office, housing and lighting could be shared within the existing facility in the palm mill. The net-power export could be possible, from biogas and biomass power plants, co-produced by microalgae-based biodiesel. From 1,200 kW biogas and 8,000 kW biomass power plants, it might possible to generate 69.99 GWh/year of electricity (Table 3) . Electricity generated from this integrated energy plantation system can be exported to the grid and could contribute of 38.69 GWh/year (Fig. 13) .
Conclusions
The research suggested that integrated energy plantation provided a positive energy balance for sustainable energy production. By combination of POME treatment with microalgae cultivation and utilization of by-product biomass, energy loads can be considerably reduced as a result of outputs from one system might serve as the inputs for the other. In addition, land optimizing of microalgae cultivation, located inside or nearby the oil palm plantation is geographically attractive and feasible. However, in this analysis, all the parameters were considered in constant condition. In further research, a design of the pilot plant will be proposed, including dynamic environmental condition and comprehensive economic analysis.
/ha/d, which include cultivation, harvesting and lipid conversion stages by 35%, 27% and 38%, respectively from this study (Fig. 12) .
Meanwhile, the analysis confirmed the total energy output for 7 days cultivation (1 production cycle) of 10 ha microalgae pond was approximately 160 GJ. Total required energy was around 60 GJ. Meanwhile, net-energy
